that mediate vision. They consist of an apoprotein, opsin, that is covalently linked to 11-cis-retinal or, in rare instances, 11-cis-dehydroretinal. Visual pigments are integral membrane proteins: in vertebrates they reside in the plasma and disk membranes of the photoreceptor outer segment. Vision begins when a photon is absorbed by a visual pigment, isomerizing retinal from the 11-cis to the all-trans configuration. Photoisomerized retinal triggers a series of conformational changes in the attached apoprotein which creates or unveils an enzymatic site on its cytosolic face. During its brief lifetime one enzymatically active visual pigment catalyzes the conversion of several hundred second messengers from an inert to an active state. This conversion is the first step in a cascade of enzymatic reactions that ultimately produces a neural signal (1).
All visual pigment absorption spectra have nearly the same characteristic bell shape (2). Each pigment is therefore specified by its wavelength of maximal absorption. The three pigments that mediate human color vision have absorption maxima at approxibrane proteins: in vertebrates they reside in the plasma and disk membranes of the photoreceptor outer segment. Vision begins when a photon is absorbed by a visual pigment, isomerizing retinal from the 11-cis to the all-trans configuration. Photoisomerized retinal triggers a series of conformational changes in the attached apoprotein which creates or unveils an enzymatic site on its cytosolic face. During its brief lifetime one enzymatically active visual pigment catalyzes the conversion of several hundred second messengers from an inert to an active state. This conversion is the first step in a cascade of enzymatic reactions that ultimately produces a neural signal (1).
All visual pigment absorption spectra have nearly the same characteristic bell shape (2). Each pigment is therefore specified by its wavelength of maximal absorption. The three pigments that mediate human color vision have absorption maxima at approxi-mately 420 nm (the blue-sensitive pigment), 530 nm (the greensensitive pigment), and 560 nm (the red-sensitive pigment) (3). These three pigments are referred to as cone pigments because they reside in those photoreceptor cells with cone-shaped outer segments. A fourth pigment, rhodopsin, that mediates vision in dim light and absorbs maximally at 495 nm, is found in those photoreceptors with rod-shaped outer segments.
Biochemical studies have usually been focused on rhodopsin, which in most mammals constitutes the most abundant visual pigment. Although, psychophysical and microspectrophotometric experiments have provided a wealth of data concerning the absorption properties of the cone pigments (3), we know little about their structures. However, it seems reasonable to suppose that the different visual pigments are structurally homologous and have arisen from a common ancestor.
In this article we describe a test of the hypothesis that human of a related hypothesis that the common inherited variations in human color vision (color blindness) are due to mutations in the members of this gene family. Our experimental approach is to isolate these genes by molecular cloning and determine their structures in B both normal and mutant individuals. We reasoned that if the ""'-,j1 different visual pigments evolved from a common ancestor, then the genes that encode them may retain a degree of sequence homology to the ancestral gene and hence to each other. If this degree of homology is sufficiently high, then a molecular clone of one visual pigment gene could be used to isolate the others by hybridization at low stringency. As a first step we isolated and characterized complementary DNA (cDNA) and genomic DNA clones encoding bovine rhodopsin, the best-studied visual pigment (5). We then used the DNA sequence encoding bovine rhodopsin to probe libraries of human genomic DNA. [These genomic libraries and all of the cloned human genomic DNA described herein were derived from germline DNA of one of us (J.N.), a male who has normal color vision.] In our genomic initial screen, conducted at approximately 40 degrees (Celsius) beneath a below the melting temperature of a perfect duplex, we isolated only e isolated clones derived from the gene encoding human rhodopsin (6). These ribed (6). in cDNA data and the results of genomic DNA blots hybridized under similar the entire conditions convinced us that the human rhodopsin gene is the only :d for 24 segment of human DNA that exhibits a strong sequence homology m"ilhter) to the bovine rhodopsin coding region. bovine rhodopsin probe reveals a structure strikingly similar to that seen in the genes that encode human and bovine rhodopsins (Fig.  IB) (5, 6) . When the DNA sequence is conceptually translated on both strands in all three reading frames, we observe five separate regions of amino acid sequence homology with bovine rhodopsin that correspond exactly to the five exons into which the human and bovine rhodopsin genes are divided (Fig. 2) . These regions are bounded internally by consensus splice junction sites and are separated by intervening sequences that bear little or no homology to their rhodopsin gene counterparts. The amino acid sequence obtained by conceptually transcribing, splicing, and translating this DNA sequence can be easily aligned with the human (or bovine) rhodopsin sequence without recourse to insertion or deletion of any amino acids. The two amino acid sequences are identical at 42 percent of their residues, and homologous at an additional 33 percent ( Table 1 presence in human retinas of mRNA derived from this gene was also confirmed by SI nuclease and cDNA extension analyses defining the mRNA start site (Fig. 4) . Which of the three cone pigments does this gene encode? We show in the accompanying article (4) that it derives from human chromosome 7, whereas the rhodopsin gene derives from chromosome 3 and all of the other human cone pigment genes (described below) derive from the human X chromosome. It is well established that the loci responsible for inherited variations in the red and green mechanisms are X-linked, whereas variations in the blue mechanism are inherited in an autosomal fashion (10). The X-linked genes encode red and green pigments because they are specifically altered in individuals deficient in the red and green mechanisms (4). By elimination, then, the gene described here should encode the blue pigment. Henceforth, we refer to this gene as the blue pigment gene.
The red and green pigment genes. We turn here to the two members of the third class of clones isolated as a result of their weak homology to the bovine rhodopsin probe. These clones were mapped to the distal portion of the q arm of the human X chromosome (4), a region known to encompass the loci responsible for inherited defects in the red and green mechanisms. We guessed, therefore, that these two clones were derived from either the red or green pigment genes. Given the close genetic linkage (less than 5 centimorgans) between the loci for red and green defects (10), these genes may have arisen from a recent duplication and hence could retain a high degree of sequence homology. Using probes derived from these two clones (gJHN9 and gJHN21), we isolated 18 more genomic clones some of which are shown in Fig. 5 . All of the clones are highly homologous as judged by cross-hybridization experiments, and their nucleotide sequence analysis shows more than 98 percent identity. Despite this degree of homology these recombinants can be divided into three classes on the basis of minor Genomic cDNA  cDNA  Genomic Genomic  cDNA  gJHN33,  hs4  hs7  gJHN21 gJHN9  hs2  gJ-HN53   2  688  c  c  C  T  T  2  782  A  G.  G  G  G  2  794  A  A  A  G  G  2  801  A  A  A  A  T  2  825  A  G  G  G  G  2  841  C  A  A  A  A  3  947  G  G  A  A  A  G  3  951  C  C  A  A  A  C  3  959  G  G  c  c  C  G  3 1032 (Table 2 ). These data suggest that the two classes labeled green-i and green-2 represent two copies of a single type of gene (green pigment gene), whereas the class labeled red represents a different but closely homologous type (red pigment gene).
Sequence analysis of these three classes of clones (Fig. 6 ) reveals blocks of homology to rhodopsin that correspond exactly to the five exons of the rhodopsin gene; these are labeled exons 2 to 6 in Fig. 5 . However, at the 5' end of exon 2 there is an abrupt break in the homology with rhodopsin at a position corresponding to the 20th amino acid from rhodopsin's amino terminus. Analysis ofgreen and red cDNA clones isolated from the human retina cDNA library demonstrates that an additional exon, labeled 1, is spliced onto the second exon just upstream of this point of sequence divergence (Figs. 5 and 7 ). This first exon, which encodes amino acids I to 37 (starting from the only in frame methionine codon), has no homolog in the rhodopsin gene or the blue pigment gene but is present in both the red and green pigment genes.
Sequence analysis of these cDNA clones confirms the intron-exon structure predicted on the basis of sequence homology with rhodopsin. This analysis demonstrates that both red and green sequences are transcribed into RNA in the human retina. In the human retina cDNA library the abundance of cDNA clones homologous to red and green pigment genes is I part in 3000, 1/15th the abundance of cDNA clones derived from rhodopsin mRNA. This ratio of cDNA clones is comparable to the ratio of red and green cones to rods (9). The presence in human retinas of mRNA derived from these genes was also confirmed by SI nuclease and cDNA extension experiments defining the mRNA start site (Fig. 7) .
The cDNA and genomic DNA sequences show regions of greater and lesser variability ( Table 2 1659  1669  1679  1689  1699  1709  TCCCCCTCCT TCTCCATCCC TGTA AATTAA  TTTA TCTTTGCCAA AACCAACAAA GTCACAGAGG   1719  1729  1739  1749  1759  1769  1779  CTTTCACTGC AGTGTCGGAC CACCTGAGCC TCTGCGTGTO CAGGCACTGG GTCTCGA(AG GGTGCTTGGG   1789  1799  1809  1819  1829  1839  GGATAAAGAG GAGAGAGCGC TTCATAGACT TTAAGTTTTC CCGAGCCTCA TGTCTACCGA TG   SCIENCE, VOL. 232 genomic DNA sequence. Because the cDNA clones were produced from an mRNA population prepared from several dozen retinas, we ascribe these differences to polymorphism.
We have grouped together gJHN33 and gJHN53 as two parts of a single gene even though they overlap for only 43 bp (Fig. 5C ). This assignment rests not only on the finding of differences that distinguish them from green-1 and green-2 clones, but also on the observation that different color normal individuals always have a constant stoichiometry of fragments corresponding to gJHN33 and gJHN53. As discussed below, green pigment genes vary in number from one individual to the next and in each case the variation is limited to those fragments corresponding to thegreen-I andgreen-2 restriction maps. Furthermore, as we have shown in (4), six different G-R+ dichromats (G-, absent green sensitivity; R+, normal red sensitivity) are missing all of the material corresponding to the green-l andgreen-2 restriction maps but retain that corresponding to the red restriction map with the normal fragment stoichiometry.
Like the blue pigment, the red and green pigments can be aligned with rhodopsin without any insertions or deletions. They also share about the same degree of homology with rhodopsin as does the blue pigment (Table 1) and their hydropathy plots define the same set of maxima and minima (Fig. 3) .
Variations in gene number. All of the genomic clones studied derive from the DNA of a phenotypically normal male (J.N.). Therefore, the three classes of clones defining the green-1, green-2, and red genes must derive from a single X chromosome. A priori we would have expected only two X-linked visual pigment genes-one encoding the red pigment and one the green pigment. The surprising finding of three genes led us to ask whether other X chromosomes had the same or different numbers of genes. A set of three genomic DNA blots in which various restriction enzymes and equal recombination is shown in Fig. 10 . The intergenic exchange shown would give rise to one product with one red and two green pigment genes and a second product with only a red pigment gene. This second product would be expected to confer on a hemizygous male a phenotype of G-R+ dichromacy. We have shown that this is indeed the case (4).
The presence of only one red pigment gene per chromosome in color-normal males can be explained by supposing that this gene lies at the very edge of the repeated array (Fig. 10) . In this position, its complete duplication or deletion by homologous but unequal recombination is impossible. Its placement at the 5' rather than the 3' end of the array is dictated by two considerations. In certain color-blind subjects the 3' proximal part of the red pigment gene may be duplicated via a homologous exchange, whereas the 5' region is never duplicated or deleted (4). This is the expected result of unequal recombination if the 5' end of the red pigment gene is at the edge of the array, whereas the reciprocal result would be expected were the 3' end to reside at the edge of the array. In contrast to these alterations of the red pigment gene, all parts of the green pigment gene-including entire genes-may be either duplicated or deleted (4).
The second consideration is that the nucleotide sequence upstream from the 5' end of the red pigment gene becomes completely divergent from that for the green pigment gene after the first 195 upstream nucleotides (nt) (Fig. 7 ; the first 195 nt are 93 percent conserved between the two genes). Consequently, placement of the red pigment gene either at the 3' end of the array, or within it, would interrupt its tandem repetition. This divergence of upstream sequences is not surprising in that the differential expression of these genes in different cone cells may be regulated at the level of transcription initiation. The sequence differences in their upstream regions-both within the first 195 nt and further upstream-may be indicative of sequence elements regulating that initiation.
We have not yet isolated DNA spanning the interval between any pair of X-linked genes, and therefore have no direct evidence concerning the distance between genes or their relative order and orientation along the chromosome. However, the observed high frequency of variation in green pigment gene number, the high conservation of nucleotide sequence, and the nature of the red-green hybrid genes found in color-blind subjects (4) suggest the tandem arrangement shown in Fig. 10 .
Evolution of the visual pigments. In Table 1 , we show the percentage of amino acids that are identical and homologous in each pairwise comparison of the four human visual pigments, and in Fig.  11 we show these identities and differences along the polypeptide chain. Clearly the red and green pigments are highly homologous (Fig. 11D) . This homology is in keeping with the demonstration ( dopsins [1 percent per 10 million years (5, 6)] is used to calibrate sequence differences among cone pigments, then the point of divergence of these three pigments is estimated to be more than 500 million years. The finding that Drosophila melanogaster rhodopsin (13) diverges even more than the cone pigments puts an upper limit of approximately 1 x 109 years on the split between rod and cone pigments.
Functional implications of the cone pigment sequences. All pairwise comparisons between shortwave, longwave, and rod pigments show between 40 and 45 percent amino acid identity. If the amino acid identities between any two pigments were uncorrelated with those of the third, we would expect 17.6 ? 2.6 percent (mean ? SD) of the amino acids to be shared by all three sequences. We observe instead that 27 percent (94/348) are shared by all three. This high degree of sequence correlation is typical of comparisons between members of a protein family and serves to highlight the residues that may be critical to structure and function (12) (Fig. 12) .
All of the human pigments have a lysine corresponding to position 296 of rhodopsin, the site of covalent attachment to 11-cis-retinal (14) . The three cytoplasmic loops, likely points of contact with transducin, are also conserved. The carboxyl terminal regions, although not well conserved, all contain serine and threonine residues which, in bovine rhodopsin, are the sites of light-dependent phosphorylation by rhodopsin kinase (15) . Phosphorylation of these residues turns off rhodopsin activity (15, 16) ; by analogy we suppose that cones may also have a kinase that turns off lightactivated cone pigments (17) . Interestingly, in this carboxyl terminal region the three cone pigments are significantly more similar to one another than they are to rhodopsin (Fig. 11) . The amino terminal regions, which are highly divergent, each contain at least one canonical N-glycosylation site, Asn-X-Ser or Thr (X is any amino acid residue). Finally, two regions, the second luminal loop and the seventh transmembrane segment, which are conserved between the evolutionarily distant mammalian and Drosophila rhodopsins (13), are also conserved among the human visual pigments. Perhaps these regions play an important role in visual pigment structure or fimction.
Tuning the absorption spectrum of 11-cis-retinal. How might the various opsins modify the environment of 11-c/s-retinal so that its absorption spectrum is appropriately shifted? A large body of experimental and theoretical data supports the following model (18): (i) retinal is attached to the e-amino group of lysine by way of a protonated Schiff's base; (ii) in photoexcited retinal there is a transfer of positive charge from the Schiffs base nitrogen to retinal's conjugated pi-electron system; and (iii) positively or negatively charged amino acids near the pi-electron system preferentially destabilize or stabilize, respectively, the excited state, whereas positively or negatively charged amino acids near the Schiff's base nitrogen preferentially destabilize or stabilize, respectively, the ground state.
How well does this model fit the sequence data? Without a threedimensional structure of a visual pigment we can only make educated guesses as to which residues contact retinal. Since retinal is bound to the middle of the seventh transmembrane segment and lies approximately in the plane of the membrane, it is possible that it may at various points contact most if not all of the transmembrane segments. Present evidence suggests that the seven transmembrane segments of rhodopsin form a palisade of helical rods around retinal in a manner analogous to that formed by bacteriorhodopsin (19) . The charged residues predicted to lie in transmembrane segments are highlighted in Fig. 13 . Both the number and positions of these residues differ between the long wavelength, short wavelength, and rod pigments. In each case the differences are confined to helices 2 to 5. (Helices are numbered from amino to carboxyl terminus.) The net intramembrane charge of the blue pigment (\max = 420 nm) is + 1, that of rhodopsin (Xmax = 495 nm) is 0, and that of the green and red pigments (Xmax = 530 and 560 nm, respectively) is -1. These charge differences may be responsible, at least in part, for spectral absorption differences.
The red and green pigments have identical intramembrane charge distributions. Indeed, all of the amino acid substitutions that distinguish them, most of which are in the transmembrane region (Fig. 11D) , involve uncharged residues. The most extreme type of substitution is the replacement of an amino acid with a hydroxyl for one without (such as tyrosine for phenylalanine). We can rationalize the subtlety of these differences by recalling that the difference in energy between photons of 530 and 560 nm is only 3 kilocalories per mole. Perhaps the intrinsic dipole moment of some amino acid side chains (such as that of tyrosine) provides the requisite electrostatic perturbation (20) . Alternatively, polarization of a hydroxyl in one pigment may transmit to retinal part of the effects of a more distant charge, whereas in another pigment retinal is shielded from these effects.
In sum, our experiments verify the hypothesis that the three human cone pigments and the rod pigment rhodopsin form a single family of homologous proteins encoded by the corresponding be held in Boston. In cases of multiple authorship, the prize will Throughout the competition period, readers are invited to be divided equally between or among the authors.
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